RESULTS:
Multivariate linear regression analysis revealed significant contributions of DS on PCWP (PCWPpred = 0.164DS + 4.959, R = 0.68). Receiver operator characteristic curve (ROC) analysis revealed that PCWPpred could predict an elevated PCWP ≥ 18 mmHg with a sensitivity (Sn) of 94% and specificity (Sp) of 85% (AUC 0.88). Cardiac output could be predicted by RS, VTI and HR (COpred = 0.017VTI + 0.016HR + 0.12RS + 2.042, R = 0.61). COpred could predict a CO ≤ 4.5 L/min with a Sn of 73% and Sp of 79% (AUC 0.81). SVR could be predicted by MAP, VTI and HR (SVRpred = 15.44MAP -5.453VTI -6.349HR + 856.15, R = 0.84) with a Sn of 84% and Sp of 79% (AUC 0.91) to predict SVR ≥ 1200 Dynes-sec/cm 5 .
CONCLUSIONS: Doppler-TTE variables derived from the LVAD outflow cannula can reliably predict PCWP, CO and SVR in patients supported with LVAD and may mitigate the need for invasive testing.
A C C E P T E D M A N U S C R I P T

INTRODUCTION
Left ventricular assist devices (LVAD) have become a mainstay therapy for patients with advanced heart failure. Over 2000 durable LVADs are implanted each year in the United States (1) . With improvements in technology and management, survival following LVAD implantation now exceeds 80% at 1 year and 70% at 2 years (1,2).
Despite improvements in outcomes, inadequately treated heart failure remains a major hindrance for many patients leading to readmissions for heart failure management. Readmission rates approach 1.64 per patient-year of follow up with up to 25% of readmissions occurring because of cardiac or LVAD related problems (3, 4) .
Invasive assessment of both LVAD performance and intracardiac hemodynamics are often necessary during the index admission or following readmission. Right heart catheterization (RHC) and hemodynamic ramp tests can be performed to guide medical management (5, 6) . Non-invasive methods to reliably estimate intracardiac hemodynamics would allow for optimization of medical therapy and LVAD support without the added inconvenience and risk of invasive monitoring. Transthoracic echocardiography (TTE) in patients supported with LVAD has previously been shown to be effective in assessing right-sided flow and pressures and can be used as part of an algorithm to estimate left-sided filling pressures (7) . Previous attempts to define hemodynamics using TTE involve time intensive protocols and heavily rely on the E/e' ratio, which is poorly validated among patients with advanced heart failure and among patients supported with LVAD (8, 9) .
A C C E P T E D M A N U S C R I P T
In the current study, we propose TTE parameters derived entirely from Doppler analysis of the LVAD outflow graft that are readily obtainable and can accurately predict pulmonary capillary wedge pressure, cardiac output and systemic vascular resistance.
METHODS
Patient Population
Consecutive patients undergoing simultaneous RHC with simultaneous transthoracic echocardiography TTE between October 2014 and October 2016 were enrolled into this analysis. To assess the reliabilty of TTE parameters under different loading conditions, a subset of patients underwent repeat TTE and hemodynamic measurements during stages of an invasive hemodynamic ramp protocol. Demographic information was extracted by chart review. All patients provided informed written consent and the institutional review board approved the study. Our ramp protocols have previously been described (10, 11) . In brief, patients underwent hemodynamic assessment at their presenting speeds and then had their speeds reduced to a low speed of 2300 rpm (HVAD) or 8000 rpm (HMII). Speeds were then increased by an increment of 100 rpm (HVAD) or 400 rpm (HMII) until a maximum speed of 3200 rpm (HVAD) or 12000 rpm (HMII). Repeat hemodynamic assessments were performed at each ramp stage (RS) (Supplemental Table 1 ).
Right heart catheterization and Ramp Testing
Ramp testing was terminated early if the patient developed a suction event, ventricular arrhythmia or MAP > 120 mmHg.
Doppler Echocardiograpic Analysis
Limited echocardiography including pulse-wave Doppler acquisition of the outflow graft of the CF-LVAD was conducted at the time of right heart catheterization and at
A C C E P T E D M
A N U S C R I P T each ramp stage in the subset of patients who underwent ramp testing. Properties of the Doppler signal though the outflow graft including the diastolic slope (DS), systolic slope (SS) and velocity time integral (VTI) were measured and defined as previously reported (12) (13) (14) . Briefly the DS was measured as the rate of change in velocity during the diastolic portion of the cardiac cycle and SS was measured as the maximum rate of change in velocity during the systolic portion of the cardiac cycle.
VTI of the outflow cannula was measured over the entire cardiac cycle (from R wave to R wave on the surface electrocardiogram) (Figure 1 ). Individuals analyzing the Doppler signal were blinded to the hemodynamic data.
Statistical Methods
Data was recorded using a spreadsheet (EXCEL 2011, Microsoft Corp, Redmond, WA) and analyzed using SPSS statistical software v24.0 (SPSS,IBM, Armonk, NY).
Normality was assessed using the Shapiro Wilk test. Univariate and multivariate linear regression analyses were used to explore the dependence of PCWP, CO and SVR on DS, SS, VTI, MAP, HR and RS. All parameters with a p value of < 0.0.5 on univariate analysis were included in the multivariate analysis after the confirmation that variance inflation factors of each variable were not significant (<2.0). Pearson correlation testing was performed to compare the measured parameter (PCWP, CO and SVR, respectively) to the predicted value (PCWPpred, COpred and SVRpred, respectively) following multi-regression analysis.
A C C E P T E D M A N U S C R I P T
We also explored the sensitivity and specificity of each predicted value to discriminate whether PCWP was ≥ 18 mmHg, CO ≤ 4.5 L/min or SVR ≥ 1200 Dynessec/cm 5 , respectively. True positive (TP), true negative (TN), false positive (FP) and false negative (FN) rates were determined at various thresholds for each parameter.
The sensitivity and specificity of these parameters for detecting either an elevated PCWP, reduced CO or elevated SVR was calculated at each threshold and a receiver operating characteristic curve (ROC) of sensitivity versus (1-specificity) was created. To assess the reproducibility of the diastolic slope and systolic slope, all measurements were repeated by a second observer and inter-observer variability was assessed by intraclass correlation measurement.
RESULTS
Baseline Characteristics
Thirty 
Doppler Waveform Analysis and Hemodynamics
Univariate and multivariate analyses of variables predictive of PCWP, CO and SVR are shown in Table 2a (Figure 2c, left) . ROC analysis revealed that SVRpred could predict an SVR ≥ 1200 Dynes-sec/cm 5 with a sensitivity of 84% and specificity of 79% (AUC 0.91) (Figure 2c, right) . The inter-observer variability was low for the diastolic slope and systolic slope as represented by a high intraclass correlation coefficient for both variables (r = 0.94 and r = 0.92, respectively).
DISCUSSION
A C C E P T E D M A N U S C R I P T
In this study we evaluated the accuracy of echocardiographic parameters to predict invasive hemodynamics. Our main findings are as follow: (1) PCWP can be assessed using the DS of the outflow cannula. (2) CO can be assessed using the RS, HR and the VTI of the outflow cannula. (3) SVR can be assessed using the MAP, HR and VTI of the outflow cannula. . The complexity of their algorithm, and the need for repetitive measurements, has limited widespread adoption of this technique (9) . Flow through the LVAD outflow graft can similarly be assessed using Doppler TTE. Stainback et al. showed that the VTI of the outflow graft in patients supported with the Jarvik 2000 (Jarvik Heart, Inc., New York, NY) measured by pulsed-wave Doppler correlated with a noninvasive assessment of cardiac output from TTE-derived RV and LV cardiac output (18) . To date, no group has validated outflow graft VTI with invasively measured cardiac output. With sonographer experience and dedicated training, our group has reported that the outflow graft can be successfully imaged in up to 95% of patients (19) .
In the current paper, we report echocardiographic parameters that can reliably predict elevated PCWP, elevated SVR and reduced CO. Unlike previous methods which require multiple different image acquisitions from various chambers of the heart, our parameters can be obtained using a single pulsed-wave Doppler TTE image of the CF-LVAD outflow cannula which can be analyzed to provide the DS, SS and VTI. Together with readily available clinical information such as HR, MAP and LVAD speed (RS), we report new equations to predict absolute PCWP, CO and SVR.
We also show that simplified equations that can be rapidly analyzed can quickly dichotomize high from low PCWP, CI and SVR.
Previously, our group utilized outflow graft VTI and DS as a marker of LVAD flow in A C C E P T E D M A N U S C R I P T the development of novel echocardiographic parameters to quantify aortic insufficiency (13) . With the current study, we further enrich the use of these echocardiographic parameters to assess LVAD patients' hemodynamics to permit further optimization of medical therapy in the form of diuretics and afterload reduction.
LIMITATIONS
This is a single-center study and thus it is open to institutional and operator bias.
Although our cohort size was modest at 30 patients, repeat measurements during sequential stages of invasive hemodynamic ramp testing was available for a subset of 10 patients which allowed for a more robust sample size (102 measurements) and also allowed for assessment of the parameters under variable loading conditions. Given that patients undergoing invasive ramp testing may have a unique clinical indication for this detailed testing, the possibility of a selection bias does exist. Hemodynamic assessments utilized the indirect Fick, which may be less accurate in LVAD patients, due to reliance on an assumed oxygen consumption and not a directly measured oxygen consumption (20) . Unlike prior non-invasive assessments of hemodynamics in LVAD patients, our parameters are unique to LVAD physiology and validated in this patient population. A prospective validation study is needed to better assess these novel parameters.
CONCLUSIONS
TTE variables derived from pulsed-wave images from the LVAD outflow graft can reliably predict PCWP, CO and SVR in patients supported with LVAD. These A C C E P T E D M A N U S C R I P T parameters may mitigate the need for routine invasive testing and may be used, together with clinical assessment to tailor medical therapy in LVAD patients. Table 1 : Baseline characteristics stratified by procedure type (ramp study versus isolated right heart catheterization). 
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